Macromolecules 1998, 31, 6157—6163 6157

Toward Chain Extension in Crystals of Fluorinated Copolymers As
Revealed by Real Time Ultra-Small-Angle X-ray Scattering

E. Lopez Cabarcos and B. de las Rivas

Departamento de Quimica Fisica Il, Facultad de Farmacia, Universidad Complutense,

Madrid 28040, Spain
T. A. Ezquerra and F. J. Balta Calleja*

Instituto de Estructura de la Materia, CSIC, Serrano 119, Madrid 28006, Spain

Received January 29, 1996; Revised Manuscript Received January 2, 1998

ABSTRACT: We have measured with the ultra-small-angle scattering technique, USAXS, long periods
of the order of 120—130 nm in fluorinated copolymers. These unusually large spacings were obtained
when copolymers of vinylidene fluoride and trifluoroethylene, with 60% and 80% molar content of
vinylidene fluoride, were annealed near the melting point. The formation of crystal stacks during
annealing up to a long period of 120 nm was followed in real time. The growth of structures giving rise
to long periods of about 100 nm was also observed upon crystallization from the melt. Annealing
experiments performed in the hexagonal and in the orthorhombic phases show that polymorphism plays
an important role in the thickening of the crystals in accordance with the predictions of the chain sliding

diffusion theory.

Introduction

Melt-crystallized synthetic polymers usually exhibit
a spherulitic morphology in which “chain folded” lamel-
lae are arranged radially in the polycrystalline ag-
gregate. The appearance of “extended chain” crystals
(thichnesses commensurate with molecular length)
(ECCs) in polymers is less common and has attracted
attention in recent years as it was demonstrated to
occur not only at high pressure!=2 but also at atmo-
spheric pressure.*~7 Basset and Turner involved in
their early work?® the intervention of a phase, with
hexagonal symmetry for crystallization under high
pressure. More recently, Hikosaka® proposed a chain
sliding diffusion mechanism along the chain axis within
the hexagonal phase to explain the formation of ECCs.
The existence of such an hexagonal phase has been
shown to be a requirement for the formation of ECCs.°

It is well-known that copolymers of vinylidene fluoride
and trifluoroethylene (VF,/F3E) exhibit two crystalline
phases at atmospheric pressure: an orthorhombic phase
and an hexagonal one. The orthorhombic, low-temper-
ature phase presents ferroelectric properties whereas
the hexagonal high-temperature phase shows a paraelec-
tric behavior.1®13 The occurrence of an hexagonal
phase in these fluorinated hydrocarbon polymers above
the Curie temperature, T, identifies them as suitable
candidates for the achievement of extended chain mor-
phologies at atmospheric pressure. Thus, thick lamellar
single crystals are found to grow in P(VF,/F3E) copoly-
mer films when annealed above the Curie tempera-
ture.’* Large bulk crystals with various crystal habits
were also found to develop in annealed films.* The use
of optical and electron microscopy has led to the
observation of ECCs morphologies in 72/28, 75/25, and
81/19%mol % VF,/F3E copolymers.’* Ohigashi et al.
explained the growth of large single crystals through
diffusive displacement of highly mobile molecular chains
in the hexagonal phase above T¢c. In annealed films,
0.1 um thick lamellae with 5—10 um in lateral width
were developed. Melt crystallization of PVF, at high
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pressures (above 3 kb) also yields thick extended chain
lamellar crystals.1®

Although the structure of the VF,/FsE copolymers has
been extensively studied using wide-angle X-ray dif-
fraction, there are still few studies using small-angle
X-ray scattering (SAXS) that span a reasonable range
of crystallization temperatures.16~1° In annealing stud-
ies performed with copolymers having 54 and 75% VF,
molar content, the absence of detectable long spacings
has been interpreted in the light of various alterna-
tives: to the presence of dilute microvoids, to a nematic
liquid crystalline structure, or to the occurrence of thick
lamellar crystals with long periods of several hundred
nanometers.?° However, SAXS studies could not show
until now scattering phenomena of stacks of thick
lamellae due to the lack of instruments with appropriate
high resolution. The USAXS beamline at HASYLAB
allows one to record SAXS patterns of high resolution
in relatively short measuring times, thus offering the
possibility to distinguish between the above alterna-
tives.

The aims of this paper are 2-fold.

(1) The first is to follow in isotropic fluorinated
copolymers—by means of ultra-small-angle X-ray
scattering—the formation during heat treatment, of
thick crystal morphologies giving rise to very large
spacings. We have selected for this work the 60/40 and
80/20 mol % VF,/F3sE compositions, as the structure and
dynamics of these copolymers are well characterized in
our laboratory.13:21

(2) The second is to examine the implications of the
chain sliding diffusion theory,® which predicts that
polymers render ECCs if they crystallize or are annealed
into the mobile hexagonal phase.

Experimental Section

Materials Preparation. Commercial pellets of poly(VF./
FsE), 60/40 and 80/20 mol %, from Atochem were pressure-
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Table 1. Curie Temperature and Melting Temperature
Values for the Copolymers 60/40 and 80/20 mol % VFy/F3E
and Molecular Weight of the 60/40 Sample

% VF> Tc/K Tm/K Mn Mn/My
60/40 340 427 240 000 1.4
80/20 413 423

molded, at 473 K over 5 min, to 150—250 um thick films and
then quenched in water at 293 K. WAXS patterns show that
the samples in the orthorhombic phase are isotropic. Table 1
summarizes the Curie (T¢) and melting temperatures (T,) for
both copolymers. T. and T, are average values which may
vary depending on sample preparation and thermal history.3

Techniques. Experiments were performed in the Ultra-
SAXS beamline BW4 at HASYLAB, Hamburg. The USAXS
instrument, having pinhole collimation, a double-focusing
mirror, and double-crystal monochromator, has been installed
at a 38-pole wiggler with a critical energy of 13.6 keV. The
distance between the sample and the detector was 12.1 m and
the X-ray wavelength 1.3868 A. The beam path was kept in
a vacuum (107® mbar) and the beam size at the sample was
about 1 x 2 mm?. The range of scattering vectors available
at 12.1 m distance covers 4 x 1074t0 4.2 x 1073 A-1, A 200 x
200 mm? multiwire proportional counter with delay line and
carbon window was used to record the scattering patterns.

During the X-ray scattering experiments, the isotropic films
were placed in a temperature chamber. To ensure good and
rapid thermal equilibrium within the polymer and homoge-
neous heating, all samples were wrapped in 0.01 mm alumi-
num foil. The samples were heated at 1 K/min until the
annealing temperature was reached. The time required to
register each pattern was 5 min and the annealing times were
taken at the end of the recording process. In one experiment
the data were collected during the heating scan. In that case
the polymer was heated at 1 K/min until the recording
temperature, left five minutes at that temperature, while the
pattern was collected, and heated again at 1 K/min to the next
temperature.

Determination of the Structural Parameters. The
USAXS data were used to determine typical structural pa-
rameters of semicrystalline polymers.?> An approximate
estimate of the crystal size is made by assuming the sample
to consist of a stacking of lamellae showing electron density
variations in the direction of stacking. If one considers an
isotropic distribution of stacks the one-dimensional (Lorentz
corrected) intensity function is given by??

I(s) = 4l s 1)

where I is the scattering intensity, s is the magnitude of the
scattering vector (s = 2(sin 0)/4), 0 is the scattering angle, and
A is the X-ray wavelength. In the stack model the long spacing
L can be calculated from the position of the maximum at the
Lorentz-corrected SAXS curves

L=1/s @)

L is equal to the sum of crystalline [.Jand amorphous 0
layer thicknesses, where .C= X.L and ,(0= (1 — X)L and X,
is the crystallinity.

In a more elaborate analysis, one can calculate the one-
dimensional correlation function??2% which is the inverse cosine
Fourier transform of the scattered intensity:

y(r) = ﬁ” I(s) cos(2xsr) ds (3)

To properly calculate the correlation function, the scattered
intensity must be corrected by the liquid scattering intensity,
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Figure 1. Experimental scattering curves of 60/40 copolymer

at different conditions (thick traces). The scattering curves
after background correction are also represented (thin traces).

0 0.01

l,, and interphase corrections must also be considered. Thus,
the correlation function reads?*25

y(r) = ﬂ) (1 — 1,)s? exp(47°s26?) cos(2zsr) ds (4)

Here, o is related to the width of the crystal-liquid interphase
E by E = o(12)'2.

For the ideal two-phase model the correlation function
allows one to evaluate the long period from the first maximum
of y(r), L.;M. An additional estimate from the long spacing can
be obtained from doubling the magnitude of the first minimum,
L.". The concentration of both phases can be calculated by??

XX, = RILM ®)

where x; + x; = 1, R is the position of the first intercept of
y(r) with the abscissa, and x; = 1./LM, Iy and I, = L — |, being
the thickness values of each phase. It is noteworthy that the
analysis of the correlation function does not allow to determine
which one of the two phases corresponds to the amorphous or
the crystalline one. The calculation of the correlation function
was done by using the program SASDAP.2425

Results

(i) Annealing Behavior. The raw intensity pattern
at 303 K shows a well-defined maximum which, after
the material is heated to 420 K and annealed at this
temperature, shifts to smaller angles. Figure 1 il-
lustrates the scattering curves, before and after back-
ground subtraction (without s2 weighing) showing the
development of the SAXS peak during heating (from 303
to 420 K), subsequent annealing (60 min at 420 K) and
after cooling at room temperature (from 420 to 303 K).
The correlation functions corresponding to the three
scattering patterns of Figure 1 are shown in Figure 2.
One sees that the position of the different maxima and
minima of y(r) depends of thermal treatment. In Table
2 the different structural parameters calculated both
from the USAXS patterns (L) and from the analysis of
the correlation function (LM, L™, I3, and I,) are pre-
sented. Asshown in Table 2, the thickness of the larger
fraction, l;, increases during the annealing at 420 K
from 48 nm at the beginning of the treatment to 56.6
nm after 1 h.

The real-time Lorentz-corrected SAXS curves for the
60/40 copolymer measured during the heating process
at temperatures below, through and above the Curie
temperature region are shown in Figure 3. The values
of the long period calculated using eq 2 are shown in
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Figure 2. Linear correlation functions y(r) corresponding to
the scattering patterns of Figure 1.

Table 2. Experimental Values for the Bragg Long
Period, L, together with the LM, Lc™, 1y, I, and Linear
Crystallinity, X¢., Values Obtained from the Analysis of
the Correlation Function and Number of Folds per
Crystal, for the 60/40 Copolymer Annealed under Various
Conditions

T/K t/min L/nm LMnm L™nm li/nm  lL/inm  Xco n

420 0 73.8 72 62 48 24 0.67 20

420 60 914 83 66 56.6 26.4 0.68 18.3

303 0 80.5 81 54 61 19 0.75 17
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Figure 3. Small-angle X-ray scattering patterns at the
indicated temperatures, obtained during heating of the 60/40
VF,/FsE copolymer. The magnitude of the scattering vector is
defined by s = (2a2/2)(sin 0) (see text).

Figure 4. Here one sees that at the onset of the ferro-
paraelectric transition there is a stepwise decrease in
L.2t After the ferro-to-paraelectric transition (340 K)
is completed, at T, L increases further with increasing
temperature as is known to occur in other polymers.
To follow the kinetics of the long period growth in the
60/40 copolymer we have carried out USAXS experi-
ments on three samples with different starting L values
using three different annealing temperatures (423, 420,
and 398 K). Figure 5a illustrates the gradual shift of
the SAXS maximum toward smaller scattering angles
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Figure 4. Temperature dependence of the long period for the
60/40 copolymer.
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Figure 5. SAXS patterns for the 60/40 copolymer at 420 K:
(a) changes in the scattering profile as a function of annealing;
(b) plot of L as a function of t at 420 K.

as a function of the annealing time for the sample
annealed at 420 £ 1 K. An increase of scattering
intensity and a concurrent narrowing of the scattering
maximum is observed. Figure 5b shows a continuous
increase of L with t reaching after t = 635 min of
annealing values higher than 1200 A (Figure 5b). To
our knowledge this is the first time that such large long
spacings have been reported in these copolymers using
X-ray scattering techniques. Figure 6 illustrates the
time-resolved wide-angle X-ray diffraction (WAXS) pro-
files during the annealing process at 420 K. As can be
seen, no appreciable change in the WAXS profiles in the
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Figure 6. Time-resolved WAXS profiles of the 60/40 copoly-
mer during annealing at 420 K. The profiles shown as a
function of annealing time, are equally increased in time with
the full range of this experiment being 4360 s.
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Figure 7. SAXS patterns for the 60/40 copolymer annealed
at 423 K for various t, values.

range of annealing times investigated is detected. Thus,
during annealing, while the long spacing increases
(Figure 5b), the crystallinity remains constant.

Annealing at a higher annealing temperature (423 +
1 K) results in scattering patterns showing two maxima
(see Figure 7). Already, after 5 min of annealing time
at Ta = 423 K, the scattering curve shows two spacings
at, Ly ~ 97 nm and L, ~ 46 nm. These long periods
further increase up to L; ~ 137 nm and L, ~ 59 nm
after annealing for 180 min. The simultaneous shift of
both peaks and the fact that the larger spacing is close
to twice the value of the smaller suggest that we are
dealing with two orders of the same periodicity.

(ii) Influence of the Hexagonal Phase on the
Kinetics of Annealing. As mentioned above the
occurrence of an hexagonal phase is a prerequisite to
obtain a molecular extended chain conformation in
polymers. To find out whether the occurrence of the
hexagonal phase is also crucial in case of fluorinated
copolymers, we have performed the following experi-
ment: two samples were annealed in the hexagonal
phase and in the orthorhombic phase, respectively, in
such a way that the value AT = T, — T, is equal for
both systems while only the symmetry of the crystal
phase is different. For this purpose we have used the
80/20 and 60/40 copolymers in which, at AT = 25 K,
the orthorhombic and hexagonal phase appear, respec-
tively. Thus we, independently, can compare the influ-
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Figure 8. SAXS patterns for (a) the 80/20 copolymer annealed
at 398 K (25 K below the melting point), in the orthorhombic

phase, at various t,, and (b) the 60/40 copolymer annealed at
402 K (25 K below the melting point), in the hexagonal phase.

ence of the crystal phase on the annealing behavior of
each copolymer. Parts a and b of Figure 8 illustrate
the typical scattering profiles of these two polymers at
AT = 25 K for various annealing times. In the 80/20
copolymer no changes in the USAXS pattern after long
annealing times are observed. However, in the 60/40
system, with increasing t,, one sees a shift of the
scattering maximum to smaller scattering angles, al-
though the WAXS pattern does not show any ap-
preciable change (see Figure 9). While the plot of L as
a function of t, (see Figure 10) shows a clear increase
tendency for the 60/40 copolymer, in the case of the 80/
20 copolymer the L value remains constant in the range
of annealing times investigated. At this point is worth
noting that samples with different VF,/F3E composition
but with similar thermal histories show widely differing
long periods before annealing.

(iii) Crystallization from the Melt. In an attempt
to obtain a structure with a large long period at room
temperature, a sample of the 60/40 copolymer was
crystallized from the melt in the hexagonal phase. After
leaving the copolymer in the melt, at 453 K, for 5 min
the sample was finally quenched to 413 K. In this case,
a shoulder appears after the first 5 min of crystallization
at this temperature (see Figure 11). After 2 h at this
temperature, the peak increases further in intensity
indicating a slow crystallization kinetics at this tem-
perature. The USAXS pattern of Figure 11 exhibits
only one maximum corresponding to a long spacing of
around 100 nm without any indication of the presence



Macromolecules, Vol. 31, No. 18, 1998

I (e.u.)

Figure 9. Time-resolved WAXS profiles of the 60/40 copoly-
mer during annealing at 402 K. The profiles, shown as a
function of annealing time, are equally increased in time.
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Figure 10. Variation of L as a function of the annealing time
for the 60/40 and 80/20 copolymers annealed 25 K below the
melting point.
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Figure 11. SAXS profiles for the 60/40 copolymer crystallized
at 413 K at the times indicated in the figure.

Is

of the second weak reflection. The DSC curve of this
sample, performed starting at the crystallization tem-
perature (413 K), shows only one melting peak at 430
K and confirms the growth of only one lamellar size
distribution.
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Figure 12. SAXS patterns taken at the indicated tempera-
tures obtained during the cooling process of the copolymer 60/
40 crystallized at 413 K (see Figure 13).

During the cooling process to room temperature the
maximum at 100 nm decreases its intensity and loses
its definition. Below the Curie transition one observes
a small L decrease to values near 85 nm accompanied
by a considerable broadening as shown in Figure 12.
When the sample is cooled below T, the initial packing
of the thick lamellae grown in the paraelectric phase
seems to be distorted, contributing to the broadening
of the USAXS peak (Figure 12).

Discussion

Structural Parameters. In previous studies the
usual long period dependence with temperature found
in different polymers led sometimes to the disappear-
ance of the scattering maximum which may be shifted
behind the beam stop at high temperature.?° Our own
investigations indicate that, in case of the 60/40 copoly-
mer, the SAXS long period may vary, depending upon
heating and cooling, between 30 and 45 nm.?! Only
recently, after using transmission electron microscopy,
was attention drawn to the possibility of extended chain
single crystals formation on copolymers with 75/25 and
78/22 compositions.*

The results reported in the present study indicate that
relatively large L values are observed after annealing
the samples near their melting point or by crystalliza-
tion at 413 K in the hexagonal phase. In addition, once
a structure exhibiting a very high periodicity is formed,
it can be transferred at room temperature by means of
rapid cooling of the sample. Although some distortions
may be introduced in the crystal packing when crossing
the Curie temperature, the broad maxima centered at
85 nm suggest that part of the stacking structure
showing the high periodicity is preserved.

Similarly to other melt crystallized polymers27:28 our
data (Figure 13) show the log annealing time depen-
dence

L=Blogt+L,

where the slope of the plot of B depends on the
annealing temperature. The value, obtained for Ta =
420 Kis B = 272 and for Tp =402 Kis B =53. Itis
noteworthy that these B values are considerable larger
than those found in other polymers (between 10 and 50
in PE2” and around 10 in PP28). This finding suggests
an enhanced contribution to the molecular diffusion
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Figure 13. Plot of L vs log t, for the 60/40 copolymer annealed
at 402 and 420 K, respectively.

mechanism present in the hexagonal phase of these
copolymers.

Let us next discuss the analysis of structural param-
eters from the correlation function. First of all, it is
necessary to assign to which | value the crystalline
phase corresponds and to which one the amorphous
phase corresponds. After heat treatmentat T = 420 K
for 60 min and subsequent cooling of the sample at 303
K (room temperature) (Figure 1) one obtains the values
l1 =61 nmand |, = 19.8 nm. These values of I, and |»
would give a linear degree of crystallinity X = 0.75,
and I3 = I; and I, = I, are taken as the thicknesses
corresponding to the crystalline and amorphous phases,
respectively. This crystallinity value seems reasonable
when compared with the degree of crystallinity (X =
0.72)2 of this copolymer previously estimated by WAXS
measurements.

Moreover, inspection of Table 2 shows that in all cases
L > LM > L/ This is characteristic of an inhomoge-
neous distribution of lamellar stacks separated by
additional pockets of amorphous material existing be-
tween the adjacent stacks of crystalline and amorphous
layers.?>

One comment has to be made in relation to the
correlation function y(r) obtained at T = 303 K showing
an inflection point around 50 nm (Figure 2). This could
be interpreted as due to the existence of a second
characteristic long spacing which probably originated
as a consequence of the crystallization, upon cooling, of
the material which was in the molten state at 420 K.

Toward Chain Extended Structures. Under the
assumption of the above assignment for I, and I, values,
from the data of Table 2, one observes that isothermal
annealing at 420 K for 60 min leads to a slight
thickening of the crystals from 48 up to 56.6 nm. Gel
permeation chromatography (GPC) of the 60/40 copoly-
mer gives a M,, value of M,, = 336 000 with M/Mp =
1.4. This My, value corresponds to an extended chain
length of about lexy = 1040 nm (assuming an average
projection length of the repeating unit of 0.44 nm).
Hence, from the crystal thickness data (see Table 2) it
turns out that, depending on the treatment conditions,
the number of chain folds n — g/l in the crystals is on
the order of 17—20. After 650 min, at T, = 420 K, long
periods of about 120 nm are obtained (see Figure 10).
If a parallel increase of I, with L takes place, I values
of —100 nm are expected, which would imply a number
of about 10 folds. Although the crystal thickness at
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these long annealing times is not large enough to give
a chain extended crystal, a considerable extension of the
chain molecules is, nevertheless, achieved.

Chain Sliding Difussion. As stated above, for
temperatures higher than 410 K, the long period
increase parallels a crystallinity decrease. This means
that the mechanism of large long-period formation of
“chain extended” structures could be driven for the
tendency of thinner crystals to melt contributing to the
thickening of larger ones.26 This is not the case for the
copolymer annealed at 402 K, i.e., at 25 K below the
melting point. Although the hexagonal phase is a kind
of nematic liquid crystal, the specific volume change at
Tm (AV/V = 0.058) is larger than that at T, (AV/V =
0.048) and the latent heat at Ty, is double as compared
to that at T.,® indicating that interchain interaction
remains in the hexagonal phase. However at the
orthorhombic—hexagonal phase transition temperature,
T, the di10 spacing of the crystal unit cell and, therefore,
the intermolecular lateral distances increases by about
10%.111217-19 In the hexagonal phase the sliding of
chains within the crystals may be much easier because
this diio spacing increases abruptly. According to
Hikosaka the energy needed to pull up the chain from
the crystal is given by the work required to overcome
the potential energy. This energy is proportional to its
friction constant « and to the thickness | and can be
written as

AE =«l > KT

Therefore, AE becomes larger with crystal thickening.
However in the hexagonal phase AE < kT® and does
not depend on the thickness I.. Thus, crystals can grow
under local equilibrium conditions, and the chain exten-
sion process is feasible tending, as a result, to a ECCs
texture.

Studies performed with nuclear magnetic resonance
and incoherent neutron scattering have demonstrated
the dynamical character of the paraelectric phase.?° It
seems that a molecular chain in the hexagonal phase
may slide along the chain direction through transla-
tional jump diffusion motion whereas this motion is not
activated in the orthorhombic phase, and consequently
the process would be inhibited in the latter phase.

In conclusion, ultra-small-angle X-ray scattering has
been shown to be capable to follow the crystal thickening
process in fluorinated polymers at atmospheric pressure.
Evidence for the existence of long periods larger than
100 nm is provided. We have demonstrated that crystal
thickening is enhanced in the hexagonal phase in
relation to phases of lower mobility, like the orthorhom-
bic one. Finally the usual logarithmic dependence of
the long spacing on the annealing time is also confirmed
for these fluorinated polymers.
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